Metagenomic insights into soil microbial communities under biofuel crops by 张帮周
  
 
学校编码：10384                                                                               分类号          密级          的                   
学号：21620110153975                                                                                            UDC         的        
 
 
 博 士 学 位 论 文 
                                         
基于宏基因组学的生物燃料作物 
土壤微生物生态特征研究 
Metagenomic insights into soil microbial communities  
under biofuel crops 
张帮周 
指导教师姓名：郑天凌 教授 
              Prof. James M. Tiedje 
专  业  名  称：水生生物学 
论文提交日期：2015 年 10 月 
论文答辩时间：2015 年 11 月 
学位授予日期：2015 年   月 
 
答辩委员会主席：                   d  
评         阅        人：                   d 
 
2015 年    月 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
 
 
厦门大学学位论文原创性声明 
 
本人呈交的学位论文是本人在导师指导下,独立完成的研究成果。本人
在论文写作中参考其他个人或集体已经发表的研究成果，均在文中以适当方
式明确标明，并符合法律规范和《厦门大学研究生学术活动规范（试行）》。 
另外，该学位论文为（郑天凌教授和 James M. Tiedje 教授）课题（组）
的研究成果，获得（郑天凌教授和 James M. Tiedje教授）课题（组）经费
或实验室的资助，在（James M. Tiedje 教授和郑天凌教授）实验室完成。
（请在以上括号内填写课题或课题组负责人或实验室名称，未有此项声明内
容的，可以不作特别声明。） 
 
声明人（签名）： 
          年   月   日 
 
 
 
 
 
 
 
  
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
 
 
厦门大学学位论文著作权使用声明 
 
本人同意厦门大学根据《中华人民共和国学位条例暂行实施办法》等规
定保留和使用此学位论文，并向主管部门或其指定机构送交学位论文（包括
纸质版和电子版），允许学位论文进入厦门大学图书馆及其数据库被查阅、
借阅。本人同意厦门大学将学位论文加入全国博士、硕士学位论文共建单位
数据库进行检索，将学位论文的标题和摘要汇编出版，采用影印、缩印或者
其它方式合理复制学位论文。 
本学位论文属于： 
（     ）1.经厦门大学保密委员会审查核定的保密学位论文，      
于   年   月   日解密，解密后适用上述授权。 
（     ）2.不保密，适用上述授权。 
（请在以上相应括号内打“√”或填上相应内容。保密学位论文应是已
经厦门大学保密委员会审定过的学位论文，未经厦门大学保密委员会审定的
学位论文均为公开学位论文。此声明栏不填写的，默认为公开学位论文，均
适用上述授权。） 
 
                             声明人（签名）： 
年   月   
厦
门
大
学
博
硕
士
论
文
摘
要
目录 
 
I 
 
目 录 
摘 要 ............................................................................................................................................................. 1 
Abstract ...................................................................................................................................................... 3 
第一章 前言 .............................................................................................................................................. 6 
1.1 生物燃料现状 ....................................................................................................................... 6 
1.1.1 化石能源短缺和环境污染 ............................................................................................ 6 
1.1.2 生物燃料的发展 ............................................................................................................ 6 
1.1.3 生物燃料遇到的问题 .................................................................................................... 7 
1.1.4 关于燃料乙醇的考虑 .................................................................................................... 8 
1.2 土壤微生物研究进展 ........................................................................................................... 8 
1.2.1 土壤微生物种类与功能 ................................................................................................ 8 
1.2.2 土壤微生物的分布规律 ................................................................................................ 9 
1.2.3 土壤微生物-植物的典型关系 ..................................................................................... 10 
1.3 土壤微生物群落研究方法 ................................................................................................. 11 
1.3.1 方法总述 ...................................................................................................................... 11 
1.3.2 宏基因组学 .................................................................................................................. 12 
1.4 本论文的研究目的和内容 ................................................................................................. 14 
第二章 不同生物燃料作物土壤细菌随土壤深度的变化研究 ...................................... 17 
2.1 前言 ..................................................................................................................................... 17 
2.2 材料与方法 ......................................................................................................................... 17 
2.2.1 样品采集 ...................................................................................................................... 17 
2.2.2 土壤理化参数测定 ...................................................................................................... 18 
2.2.3 土壤总 DNA 提取、PCR 扩增和 Miseq 测序 ............................................................ 20 
2.2.4 生物信息学分析 .......................................................................................................... 20 
2.2.5 统计分析 ...................................................................................................................... 21 
2.3 结果 ..................................................................................................................................... 21 
2.3.1 土壤理化特征 .............................................................................................................. 21 
2.3.2 细菌多样性指数 .......................................................................................................... 23 
2.3.3 细菌群落结构 .............................................................................................................. 27 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
 
II 
 
2.3.4 细菌群落组成 .............................................................................................................. 33 
2.3.5 细菌功能预测 .............................................................................................................. 36 
2.4 讨论 ..................................................................................................................................... 36 
2.4.1 土壤深度的影响 .......................................................................................................... 36 
2.4.2 作物的影响 .................................................................................................................. 37 
2.4.3 细菌群落组成的变化 .................................................................................................. 38 
2.4.4 土壤 C、N 含量 ........................................................................................................... 40 
2.5 小结 ..................................................................................................................................... 41 
第三章 不同生物燃料作物土壤细菌随地点、季节和管理方式的变化研究 ....... 42 
3.1 前言 ..................................................................................................................................... 42 
3.2 材料与方法 ......................................................................................................................... 43 
3.2.1 样品采集 ...................................................................................................................... 43 
3.2.2 土壤总 DNA 提取、PCR 扩增和 MiSeq 测序 ........................................................... 44 
3.2.3 生物信息学分析 .......................................................................................................... 44 
3.2.4 统计分析 ...................................................................................................................... 44 
3.3 结果 ..................................................................................................................................... 44 
3.3.1 样品序列分布 .............................................................................................................. 45 
3.3.2 稀释曲线 ...................................................................................................................... 45 
3.3.3 细菌的群落结构 .......................................................................................................... 46 
3.3.4 细菌多样性比较 .......................................................................................................... 54 
3.3.5 样品在 50%置信度下的分类鉴定 .............................................................................. 63 
3.3.6 细菌的群落组成 .......................................................................................................... 64 
3.4 讨论 ..................................................................................................................................... 70 
3.4.1 地点的影响 .................................................................................................................. 70 
3.4.2 作物的影响 .................................................................................................................. 71 
3.4.3 季节的影响 .................................................................................................................. 72 
3.4.4 作物管理方式的影响 .................................................................................................. 73 
3.5 小结 ..................................................................................................................................... 74 
第四章 不同生物燃料作物土壤真菌随地点、季节和管理方式的变化研究 ........ 76 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
 
III 
 
4.1 前言 ..................................................................................................................................... 76 
4.2 材料与方法 ......................................................................................................................... 76 
4.2.1 样品采集 ...................................................................................................................... 76 
4.2.2 DNA 提取 ..................................................................................................................... 76 
4.2.3 PCR 扩增与 454 焦磷酸测序 ...................................................................................... 76 
4.2.4 序列质量控制与数据前处理 ...................................................................................... 77 
4.2.5 统计分析 ...................................................................................................................... 78 
4.3 结果 ..................................................................................................................................... 79 
4.3.1 样品序列分布 .............................................................................................................. 79 
4.3.2 样品在 0%置信度下界水平的相对丰度 .................................................................... 80 
4.3.3 属的稀释曲线 .............................................................................................................. 80 
4.3.4 真菌的群落结构 .......................................................................................................... 81 
4.3.5 真菌多样性比较 .......................................................................................................... 89 
4.3.6 样品在 50%置信度下的分类鉴定 .............................................................................. 97 
4.3.7 真菌的群落组成 .......................................................................................................... 98 
4.4 讨论 ................................................................................................................................... 105 
4.4.1 地点的影响 ................................................................................................................ 105 
4.4.2 作物的影响 ................................................................................................................ 106 
4.4.3 季节的影响 ................................................................................................................ 107 
4.4.4 作物管理方式的影响 ................................................................................................ 108 
4.5 小结 ................................................................................................................................... 108 
第五章 利用固氮酶基因 nifH评估 Ion Torrent Personal Genome Machine的测
序性能及其在宏基因组学中的应用 ........................................................................................ 110 
5.1 前言 ................................................................................................................................... 110 
5.2 材料与方法 ....................................................................................................................... 111 
5.2.1 样品 DNA 组成. ......................................................................................................... 111 
5.2.2 nifH 基因扩增和测序 ................................................................................................ 112 
5.2.3 Mock 样品的分析 ...................................................................................................... 114 
5.2.4 数据处理 .................................................................................................................... 114 
5.2.5 Oklahoma 样品在测序平台间的比较 ....................................................................... 114 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
 
IV 
 
5.2.6 基于玉米的不同作物种植系统土壤固氮菌群落研究 ............................................ 115 
5.3 结果 ................................................................................................................................... 115 
5.3.1 PGM 测序和错误类型............................................................................................... 115 
5.3.2 .错误率和序列 Q score .............................................................................................. 118 
5.3.3 来自不同测序平台的 nifH 结果的比较 ................................................................... 120 
5.3.4 基于玉米的不同作物种植系统土壤固氮菌群落比较 ............................................ 123 
5.4 讨论 ................................................................................................................................... 127 
5.4.1 PGM 测序质量 ........................................................................................................... 127 
5.4.2 PGM 与 454 的比较 ................................................................................................... 128 
5.4.3 基于玉米的不同作物种植系统土壤中固氮菌群落差异 ........................................ 129 
5.5 小结 ................................................................................................................................... 129 
第六章 不同生物燃料作物土壤固氮菌随地点、季节和管理方式的变化研究 . 131 
6.1 前言 ................................................................................................................................... 131 
6.2 材料与方法 ....................................................................................................................... 131 
6.2.1 样品采集 .................................................................................................................... 131 
6.2.2 DNA 提取 ................................................................................................................... 131 
6.2.3 PCR 扩增与 PGM 测序 ............................................................................................. 132 
6.2.4 序列质量控制与数据前处理 .................................................................................... 132 
6.2.5 统计分析 .................................................................................................................... 132 
6.3 结果 ................................................................................................................................... 132 
6.3.1 样品序列分布 ............................................................................................................ 132 
6.3.2 稀释曲线 .................................................................................................................... 133 
6.3.3 固氮菌的群落结构 .................................................................................................... 134 
6.3.4 固氮菌多样性比较 .................................................................................................... 142 
6.3.5 固氮菌的群落组成 .................................................................................................... 150 
6.4 讨论 ................................................................................................................................... 159 
6.4.1 地点的影响 ................................................................................................................ 159 
6.4.2 季节的影响 ................................................................................................................ 160 
6.4.3 作物的影响 ................................................................................................................ 161 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
 
V 
 
6.4.4 作物管理方式的影响 ................................................................................................ 162 
6.5 小结 ................................................................................................................................... 162 
第七章 结论与展望 ........................................................................................................................... 164 
7.1 结论 ................................................................................................................................... 164 
7.2 创新点 ............................................................................................................................... 166 
7.3 展望 ................................................................................................................................... 167 
参考文献 ................................................................................................................................................ 168 
附录 ........................................................................................................................................................... 179 
附录一 附录图和表 ................................................................................................................ 179 
附录二 缩写词 ........................................................................................................................ 183 
附录三 参与的科研课题、发表及待发表学术论文、专利、国内外会议及获奖 ........... 184 
致 谢 ......................................................................................................................................................... 188 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Table of contents 
 
VI 
 
Table of contents 
Abstract in Chinese ............................................................................................................................... 1 
Abstract in English ................................................................................................................................ 3 
Chapter 1 Introduction ....................................................................................................................... 6 
1.1 The present situation of biofuels .......................................................................................... 6 
1.1.1 Shortage of fossil energy and environmental pollution .................................................. 6 
1.1.2 Development of biofuels ................................................................................................ 6 
1.1.3 Challenges of biofuels .................................................................................................... 7 
1.1.4 Concerns about bioethanol ............................................................................................. 8 
1.2 Research advance on soil microorganisms .......................................................................... 8 
1.2.1 Soil microbial groups and functions ............................................................................... 8 
1.2.2 Distribution rules of soil microorganisms ...................................................................... 9 
1.2.3 Typical relationships between soil microbes and plants .............................................. 10 
1.3 Research methods of soil microbial communities .............................................................. 11 
1.3.1 Research methods overview ......................................................................................... 11 
1.3.2 Metagenomics ............................................................................................................... 12 
1.4 Objectives and contents of this thesis ...................................................................................... 14 
Chapter 2  Depth-related analyses of soil bacterial communites under different 
biofuel crops ............................................................................................................................................ 17 
2.1 Introduction ........................................................................................................................ 17 
2.2 Materials and Methods ....................................................................................................... 17 
2.2.1 Samples collection ........................................................................................................ 17 
2.2.2 Determination of soil physic-chemical parameters ...................................................... 18 
2.2.3 Soil total DNA extraction, PCR amplification, and sequencing by Miseq .................. 20 
2.2.4 Bioinformatic analyses ................................................................................................. 20 
2.2.5 Statistical analyses ........................................................................................................ 21 
2.3 Results ................................................................................................................................. 21 
2.3.1 Soil properties ............................................................................................................... 21 
2.3.2 Bacterial diversity indexes............................................................................................ 23 
2.3.3 Bacterial community structures .................................................................................... 27 
2.3.4 Bacterial community compositions .............................................................................. 33 
2.3.5 Predicted bacterial functions ........................................................................................ 36 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Table of contents 
 
VII 
 
2.4 Discussion ............................................................................................................................ 36 
2.4.1 Effects of soil depths .................................................................................................... 36 
2.4.2 Effects of biofuel crops ................................................................................................. 37 
2.4.3 Changes of bacterial community compositions ............................................................ 38 
2.4.4 Soil C and N content ..................................................................................................... 40 
2.5 Summary ............................................................................................................................. 41 
Chapter 3   Changes of soil bacterial communities under different biofuel crops at 
various  locations and seasons and with different managements................................... 42 
3.1 Introduction ........................................................................................................................ 42 
3.2 Materials and methods .............................................................................................................. 43 
3.2.1 Samples collection ........................................................................................................ 43 
3.2.2 Soil total DNA extraction, PCR amplification, and sequencing by Miseq .................. 44 
3.2.3 Bioinformatics analyses ................................................................................................ 44 
3.2.4 Statistical analyses ........................................................................................................ 44 
3.3 Results ................................................................................................................................. 44 
3.3.1 Distributions of sample sequences ............................................................................... 45 
3.3.2 Rarefaction curves ........................................................................................................ 45 
3.3.3 Bacterial community structures .................................................................................... 46 
3.3.4 Bacterial diversity comparisons.................................................................................... 54 
3.3.5 Classification of samples at 50% confidence level ...................................................... 63 
3.3.6 Bacterial community compositions .............................................................................. 64 
3.4 Discussion .................................................................................................................................... 70 
3.4.1 Effects of locations ....................................................................................................... 70 
3.4.2 Effects of biofuel crops ................................................................................................. 71 
3.4.3 Effects of seasons ......................................................................................................... 72 
3.4.4 Effects of cropping managements ................................................................................ 73 
3.5 Summary ............................................................................................................................. 74 
Chapter 4  Changes of soil fungal communities under different biofuel crops at 
various  locations and seasons and with different managements................................... 76 
4.1 Introduction ........................................................................................................................ 76 
4.2 Materials and methods .............................................................................................................. 76 
4.2.1 Samples collection ........................................................................................................ 76 
4.2.2 DNA extraction............................................................................................................. 76 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Table of contents 
 
VIII 
 
4.2.3 PCR amplification and sequencing by prosequencing ................................................. 76 
4.2.4 Sequence quality control and data pre-processing ....................................................... 77 
4.2.5 Statistical analyses ........................................................................................................ 78 
4.3 Results ................................................................................................................................. 79 
4.3.1 Distributions of sample sequences ............................................................................... 79 
4.3.2 Relative abundances of kingdoms at 0% confidence level ........................................... 80 
4.3.3 Rarefaction curves of fungal genera ............................................................................. 80 
4.3.4 Fungal community structures ....................................................................................... 81 
4.3.5 Fungal diversity comparisons ....................................................................................... 89 
4.3.6 Classification of fungi at 50% confidence level ........................................................... 97 
4.3.7 Fungal community compositions ................................................................................. 98 
4.4 Discussion .......................................................................................................................... 105 
4.4.1 Effects of locations ..................................................................................................... 105 
4.4.2 Effects of biofuel crops ............................................................................................... 106 
4.4.3 Effects of seasons ....................................................................................................... 107 
4.4.4 Effects of cropping managements .............................................................................. 108 
4.5 Summary................................................................................................................................... 108 
Chapter 5   Evaluation of Ion Torrent Personal Genome Machine for gene-
targetd studies using amplicons of nitrogenase gene nifH .............................................. 110 
5.1 Introduction .............................................................................................................................. 110 
5.2 Metarials and methods ..................................................................................................... 111 
5.2.1 Community DNA ....................................................................................................... 111 
5.2.2 nifH library generation and sequencing ...................................................................... 112 
5.2.3 Mock community analysis .......................................................................................... 114 
5.2.4 Data processing........................................................................................................... 114 
5.2.5 Pplatform comparison of Oklahoma samples ............................................................. 114 
5.2.6 Diazotrophic communities in different corn-based cropping systems  ...................... 115 
5.3 Results ............................................................................................................................... 115 
5.3.1 PGM sequencing and error type ................................................................................. 115 
5.3.2 Error rate and read Q score cutoff .............................................................................. 118 
5.3.3 Sequencing platform comparisons of nifH results ..................................................... 120 
5.3.4 Soil diazotrophic communities in different cron-based cropping systems ................. 123 
5.4 Discussion .......................................................................................................................... 127 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Table of contents 
 
IX 
 
5.4.1 Sequencing quality of PGM ....................................................................................... 127 
5.4.2 Comparison of PGM with 454.................................................................................... 128 
5.4.3 Differences of soil diazotrophic communities in different corn-based cropping  
systems................................................................................................................................. 129 
5.5 Summary ........................................................................................................................... 129 
Chapter 6 Changes of soil diazotrophic communities under different biofuel crops 
at various locations and seasons and with different managements ............................ 131 
6.1 Introduction ...................................................................................................................... 131 
6.2 Metarials and methods ............................................................................................................ 131 
6.2.1 Samples collection ...................................................................................................... 131 
6.2.2 DNA extraction........................................................................................................... 131 
6.2.3 PCR amplification and PGM sequencing ................................................................... 132 
6.2.4 Sequence quality control and data pre-processing ..................................................... 132 
6.2.5 Statistical analyses ...................................................................................................... 132 
6.3 Results ............................................................................................................................... 132 
6.3.1 Distributions of sample sequences ............................................................................. 132 
6.3.2 Rarefaction curves ...................................................................................................... 133 
6.3.3 Diazotrophic community structures ............................................................................ 134 
6.3.4 Diazotrophic diversity comparisons ........................................................................... 142 
6.3.5 Diazotrophic community compositions ...................................................................... 150 
6.4 Discussion .......................................................................................................................... 159 
6.4.1 Effects of locations ..................................................................................................... 159 
6.4.2 Effects of seasons ....................................................................................................... 160 
6.4.3 Effects of biofuel crops ............................................................................................... 161 
6.4.4 Effects of cropping managements .............................................................................. 162 
6.5 Summary ........................................................................................................................... 162 
Chapter 7  Conclusions and prospects ..................................................................................... 164 
7.1 Conclusions ....................................................................................................................... 164 
7.2 Innovations ........................................................................................................................ 166 
7.3 Prospects ........................................................................................................................... 167 
References .............................................................................................................................................. 168 
Appendixes ............................................................................................................................................ 179 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Table of contents 
 
X 
 
Appendix 1 Supplimentary figures and tables ...................................................................... 179 
Appendix 2 Abbreviation ....................................................................................................... 183 
Appendix 3 Fundings, papers, patents, conferences, and awards ........................................ 184 
Acknowledgements ............................................................................................................................ 188 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
摘要 
 
1 
 
摘 要 
 
为应对化石燃料短缺危机和大量使用而导致的环境污染，全球都在积极促进清洁的
可再生生物燃料的开发。目前已实现产业化的生物燃料包括生物乙醇、生物柴油等，主
要以粮食作物玉米、大豆、甘蔗等为原材料，因此产生了“与人争粮、与粮争地”的矛
盾。为此，各国将注意力转移到基于非粮食作物的生物燃料生产。其中，种植柳枝稷、
芒草、杨树等低投入且生长快速的多年生植物用于生产纤维素乙醇以替代部分石油作为
运输燃料，更是受到广泛关注。深入研究种植这些作物对土壤微生物的影响已成为纤维
素乙醇可持续性研究的重要组成部分，同时，通过对土壤微生物与作物关系的研究反过
来也可以更好的指导这些生物燃料作物的种植。 
本论文以美国能源部“五大湖生物能源研究中心”（GLBRC）的 Biofuels Cropping 
System Experiment 子项目的两个生物实验站 KBS（Kellogg Biological Station）和 ARL
（Arlington Agricultural Research Station）为采样点，采用宏基因组学的方法，研究了种
植 6 年后的玉米、柳枝稷、芒草、复原草原草、杨树等多种生物燃料作物土壤的微生物
群落结构、多样性及其类群组成在不同土壤深度、不同地点、不同季节以及不同作物管
理方式下的差异。同时，本论文还评估了 Ion Torrent PGM 平台的测序性能，并将其应用
于本论文的固氮菌群落的宏基因组学研究中。本论文的主要结果如下： 
（1）采用 MiSeq 平台，通过对 KBS 站点 10 种生物燃料作物不同深度土壤共 110 份
样品的细菌群落（16S-V4）分析发现，土壤深度是影响细菌群路的主要因子，其次是作
物类型（可达到 50cm 深处）。细菌群落结构在不同深度的土壤之间存在显著差异，多样
性随深度增加而快速降低，且与土壤 C、N 等显著相关；在同一土壤深度，不同作物的
土壤细菌群落也具有显著差异，这与作物根系密切相关。其中，玉米的土壤在 0-25cm 深
度内最不同于其他作物，而柳枝稷的土壤在 25-50cm 最不相同，但不同作物的土壤细菌
群落在 50-100cm 差异不显著。随着深度增加，  Proteobacteria、Actinobacteria 和
Planctomycetes 的相对丰度显著减低，而 Firmicutes、Crenarchaeta 和 Nitrospirae 显著增加；
Acidobacteria、Verrucomicrobia 和 Chloroflexi 在中间层最丰富，而 Thaumarchaeota 在中
间层最低。杨树及其他多年生作物在 0-10cm 土壤层比连作玉米含有更多的 C、N。 
（2）通过在五月、七月和十月对 KBS 和 ARL 站点的 5 种作物以及每种作物对应的
2 种管理方式下土壤的连续采样，获得了共 60 个处理近 240 份土壤样品；通过对这些样
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品的细菌（16S-V4，MiSeq）、真菌（28S，454）和固氮菌（nifH，PGM）的宏基因组学
分析发现，不同作物土壤间细菌、真菌和固氮菌的群落结构、多样性和类群组成存在显
著差异，且同时受到地点、季节和作物管理方式的影响。在所研究的环境变量中，地点
是驱动这些微生物类群差异的最主要因子。在同一地点内，生物燃料作物对于细菌和真
菌群落的影响大于季节。其中，柳枝稷、芒草以及复原草原草的土壤之间更相似，含有
更多 Gibberella、Metarhizium 等潜在促植物生长、抗病害的真菌；而连作玉米土壤最不
同于其他作物，含有更多 Sphingomonas、Gemmatimonas 等具有潜在的降解污染物、聚磷
能力的细菌。对于同一地点的固氮菌而言，季节的影响稍大于作物种类，但仍然显示玉
米的土壤最不同于多年生作物。作物管理方式对微生物群落也具有一定的影响，且主要
表现在 KBS 的站点，其中玉米秸秆还田显著影响了连作玉米的细菌和真菌群落，而对种
植肥田作物的玉米土壤没有显著影响；施肥主要影响了柳枝稷、芒草和复原草原草土壤
的真菌群落，降低了多样性，导致了丰富的 Gibberella、Schizothecium 、Bionectria、
Alternaria 等；施肥还影响了芒草和复原草原草土壤固氮菌，降低了 Geobacter 的相对丰
度，增加了 Dechloromonas 的相对丰度。 
（3）基于 nifH 扩增产物，通过在 PGM 平台上多次运行不同芯片和测序试剂（包括
最新的 Hi-Q）发现，不同芯片和不同试剂的组合均能获得理想的序列读长（扩增子全
长）， 且 318 芯片比 314 芯片多产生了 16 倍的测序通量；基于对 mock 样品的数据预处
理时的参数优化，318-400bp、314-400bp 和 318-Hi-Q 各自的总错误率分别为 0.62%、0.36%
和 0.39%每碱基，且均以插入缺失错误为主。基于优化的参数以及采用 FrameBot 对 nifH
核苷酸序列进行氨基酸序列翻译和移码错误的纠正等步骤，PGM 的不同芯片和不同试剂
对同一批的样品的多次测序，均获得了与 454 的 FLX+平台相似的生物学结论。最后，采
用 PGM 平台对 ARL 站点的基于玉米的 4 个不同作物种植系统土壤 nifH 基因进行宏基因
组学研究发现，各种植系统土壤固氮菌群落、多样性和群落组成存在显著差异。其中，
连作玉米土壤和处于玉米-大豆轮作+肥田作物中的玉米土壤固氮菌群落差异最大，尤其
表现在主要类群 Bradyrhizobium、Burkholderia、Dechloromonas 等的相对丰度的变化。 
 
关键词：生物燃料作物；土壤微生物；宏基因组学；PGM 性能评估 
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Abstract 
 
To address the critical shortages of fossil fuels and environmental issues caused by their 
excessive usage, countries around the world are actively promoting the development of clean 
and renewable biofuels. The current industrialized biofuels including bioethanol and biodiesel 
are mainly based on corn, soybean, sugarcane, etc., and thus compete for food crops and land. 
To avoid this competition, it was proposed to produce biofuels based on non-food crops. 
Research regarding how to substantially grow perennial plants characterized with low input and 
fast growth, such as switchgrass, Miscanthus, and poplar, to produce ligno-cellulosic ethanol has 
attracted widespread attention for partly replacing petroleum as transportation fuel. Evaluation 
of the effects of planting these biofuel crops on soil microbes is an important topic to reveal the 
sustainability of ligno-cellulosic ethanol production. Meanwhile, research investigating soil 
microbes under biofuel crops can in turn enhance the planting practice.   
This thesis took field soil samples at two biological stations KBS (Kellogg Biological 
Station) and ARL (Arlington Agricultural Research Station) associated with Biofuels Cropping 
System Experiment of Great Lakes Bioenergy Research Center, DOE, USA, and then used 
gene-targeted metagenomic methods to compare the microbial communities and diversities 
under different biofuel crops (corn, switchgrass, Miscanthus, poplar, etc.)  at various depths, 
locations, and seasons and with different cropping managements. This thesis also evaluated the 
sequencing performance of Ion Torrent PGM and applied it in determining soil diazotrophic 
communities under different biofuel crops.  The results were summarized below. 
(1) Based on MiSeq sequencing of bacterial communities (16S-V4) from 110 soil samples 
at 4 depths under 10 biofuel crops at KBS, it was found that soil depth was the major factor 
driving the community differences, while crop type was secondary (reaching 50 cm underneath). 
Bacterial communities were significantly different among different soil depths, and the diversity 
indexes decreased dramatically with depth and were significantly associated with soil total C 
and N. Within the same depth, soil bacterial communities were significantly shaped by crops, 
which was believed to be linked with their different rooting systems.  At 0-10 cm and 10-25 cm, 
soil bacterial communities under corn were the most different from other crops, while 
switchgrass soil was the most different at 25-50 cm. Bacterial communities were not 
significantly different among crops at 50-100 cm. Individual phyla demonstrated varying 
patterns with depth, with significant decreases of Proteobacteria, Actinobacteria, and 
Planctomycetes and sharp increases of Firmicutes, Crenarchaeta, and Nitrospirae from shallow 
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